Abstract The asymmetric transfer hydrogenation of ketones using isopropyl alcohol (IPA) as hydrogen donor in the presence of novel manganese catalysts is explored. The selective and active systems are easily generated in situ from [MnBr(CO) 5 ] and inexpensive C 2 -symmeric bisoxalamide ligands. Under the optimized reaction conditions, the Mn-derived catalyst gave higher enantioselectivity compared with the related ruthenium catalyst.
Enantiomerically pure alcohols are of significant importance for the pharmaceutical, fine-chemical and fragrance industries. Although numerous precious-metal complexes have been reported for the asymmetric reduction of carbonyl compounds, there is a continuing interest in the development of less expensive, more efficient catalysts. In addition to classic hydrogenations, the asymmetric transfer hydrogenation (ATH) of prochiral ketones represents a convenient approach towards enantiomerically enriched alcohols. In recent years, remarkable progress has been made in replacing noble metals such as ruthenium or iridium with more abundant base metals such as iron or cobalt in such transformations. [1] [2] [3] [4] As part of the recent development in homogenous manganese-catalyzed reductions, 5 ,6 the first manganese-based catalysts for non-enantioselective transfer hydrogenation have been published by Darcel and Sortais as well as by our group. 7 In addition, Kirchner has described a Mn catalyst containing a chiral ferrocenyl-based pincer ligand for ATH of ketones, 8 which produced the corresponding alcohols with up to 85% ee. Very recently, Morris and co-workers published a manganese pincer complex that enables the ATH of aromatic ketones with up to 53% ee. 9 The group of Sortais could show that the combination of [MnBr(CO) 5 ] and a chiral diamine ligand is capable of catalyzing the ATH of aromatic ketones with up to 90% ee. 10 Notably, asymmetric hydrogenations using manganese pincer complexes were reported by Clarke and co-workers as well as by our group.
11 While the replacement of precious catalyst metals by non-noble metals is intensively studied, considerably less effort has focused on the development of readily available and less sensitive ligands. Here, many catalysts derived from Fe, Mn or Co and P-based pincer ligands provide outstanding catalytic performance, but most of their ligands are very expensive, often not commercially available and/or air-sensitive. In this respect, the application of phosphorusfree and easy accessible ligand systems is highly desired and would be a clear advantage for any possible application from an economic point of view.
Therefore, we started a program to identify active nonphosphorous-based manganese catalyst systems for ATH. As model substrates we chose an aromatic (acetophenone) and an aliphatic (cyclohexyl methyl ketone) ketone. For convenience, in the initial activity screening, the catalyst was derived in situ from a combination of the metal precursor [MnBr(CO) 5 ] and chiral amine derivatives. Remarkably, in the presence of Jacobsen's ligand L1 the ATH of acetophenone proceeded with 36% ee (Table 1, entry 1 ). Therefore, we tested other multidentate ligands, specifically chiral oxamides L3-L7, 12 ,13 which were varied with respect to their electronic and steric properties (Figure 1) . Advantageously, L3-L7 are easy accessible by amidation of dimethyl oxalate with various amino alcohols.
14,15 Nevertheless, to our knowledge, this type of ligand has never been tested in asymmetric reductions to date. As shown in Table 1 , manganese catalysts derived from alkyl-, benzyl-or phenyl-substituted N,N′-bis(2-hydroxyethyl)oxamides L3a-c and L4a achieved only low selectivities in the ATH of the aromatic model compound acetophenone (entries 5-8). The introduction of an additional phenyl group in the -position to the alcohol moiety of the ligand motif (L6a and L6b) did not result in a significant improvement of the selectivity. Here, 30% ee were obtained for acetophenone, when the phenyl groups are arranged cis to each other (L6a). The sterically demanding ligand L7 derived from (1R,2R)-(-)-trans-1-aminoindanol was active, but only racemic 1-phenylethanol was obtained as a product. For comparison, phosphorus containing ligands L2a-c with a related structure motive were also applied for the ATH of acetophenone, leading to moderate activities and poor or no chiral induction (entries 2-4). Interestingly, when cyclohexyl methyl ketone was used as substrate, improved enantioselectivities were achieved. Here, the benzyl (L3b) and the phenyl (L4a) substituted oxamide ligands gave 53% and 82% ee, respectively (Table 1 , entries 6 and 8). To elucidate the influence of the free OH group, ligands L4b and L5 were tested, producing racemic 1-cyclohexylethanol in low conversion. The phosphoruscontaining ligands L2a-c were also applied, with the aliphatic ketone showing no reactivity at all. Clearly, the in situ generated Mn catalyst system using oxamide ligand L4a is especially suited for ATH of aliphatic ketones and was chosen for further optimization of the reaction parameters.
Next to temperature and time (see the Supporting Information) different metal precursors such as Mn(0), Mn(I) and Mn(II) salts were investigated to improve the catalyst activity and product yield (Figure 2 and Table S1 
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The influence of the other metal precursors in the in situ catalyst system was also studied in the ATH reaction of cyclohexyl methyl ketone under the optimized conditions. Applying different iron and ruthenium salts, 95% conversion of the model substrate was achieved by combining dichloro(p-cymene)ruthenium(II) dimer with L4a. The tested iron precursors showed no activity at all for the desired reaction (see the Supporting Information). Notably, none of the tested noble metal precursors led to a higher selectivity compared with the results of the catalyst system generated from [MnBr(CO) 5 ] and L4a. This is one of the rare cases in which a non-noble metal-based catalyst leads to higher enantioselectivities than its noble-metal analogues.
The influence of the metal to ligand to base ratios (M/L/B) and loadings were then investigated. For the aliphatic benchmark substrate the initial ratio of M/L/B = 1:1:10 yielded 48% of the product after 20 h at 80 °C (Table  2 , entry 1). To our surprise, with 2 or 5 mol% metal and ligand loadings at a constant base loading (10 mol%) no conversion of the substrate was observed (entries 2 and 3). Apparently, the amount of base is not sufficient to activate the catalytic systems, which demonstrates the importance of the free base for general reactivity.
Table 2 Optimization of M/L/B Ratio a
On the other hand, formation of the desired alcohol was achieved in significantly higher yield (73%), when the amounts of metal, ligand and base were doubled (Table 2 , entry 4). The highest yield of 84% and a very good ee was observed with 6 mol% loading of the metal precursor [MnBr(CO) 5 ] as an optimum (entry 6). A further increase of the metal loading led to decreased yields, although up to 90% ee was detected (entries 7 and 8). This rather unusual metal to ligand ratio raised the question of the real coordination mode of the ligand to the metal. NMR spectroscopy and mass spectrometry did not provide an insight into the coordination mode of the catalyst. Attempts to grow crystals were unsuccessful because of the propensity of oxamide ligands to form hydrogels. 16 Therefore, the real nature of this in situ formed catalyst remains unclear.
With the optimized conditions in hand, 17 the general catalytic activity of the catalyst system was explored for the ATH for 15 prochiral ketones (Scheme 1). Given the good results obtained with the cyclic aliphatic model substrate, other cyclic ketones were considered as a priority. While cyclopropyl methyl ketone (1) gave only 46% yield and 59% ee, cyclic ketones with increasing ring size (2-4) were reduced in good yields and high enantioselectivities of up to 88% ee. Furthermore, the influence of functional groups on the cyclohexyl ring was investigated. Thus, the heterocyclic 4-acetyltetrahydropyran (5) was transformed with a high yield (88%) and excellent selectivity of 93% ee. The ,-unsaturated 1-acetyl-1-cyclohexene (6) was chemoselectively reduced to the desired 1-(1-cyclohexenyl)ethanol but only with poor yield (23%; 74% ee). Attempts to improve the yield with longer reaction time (48 h) led to the respective saturated alcohol. Moreover, 1-tetralol was obtained in 35% yield with 50% ee. Additionally, the linear aliphatic ketone 8 was converted in 63% yield into the desired alcohol with an ee of 85%. The branched ketone 1,1-diphenyl-2-propanone (9) reacted only in moderate yield but with excellent selectivity of 92% ee.
Although the initial results with the aromatic model ketone were not very promising, a number of substituted acetophenones were applied in the manganese-catalyzed ATH. The para-substituted derivatives 10 and 11 were both reduced to the corresponding alcohols with 55% ee. p-Methyl acetophenone (12) and o-methoxy acetophenone (13) were converted into the respective products with decreased yields and moderate chiral induction. Finally, the catalyst system [MnBrCO 5 ]/L4a was also active for the transfer hydrogenation of the heterocyclic ketones 4-acetylpyridine (14) and 2-acetylfuran (15) with moderate yields and enantioselectivities.
In summary, we have developed a convenient protocol for asymmetric transfer hydrogenation of ketones derived from manganese and readily available N,N′-bis(2-hydroxyethyl)oxamide ligands. The in situ generated catalyst system [MnBrCO 5 ]/L4a is especially active for the reduction of aliphatic ketones with up to 93% ee. Although this ligand class is scarcely explored, its combination with manganese(I) precursors represents a potential alternative to established noble-metal catalysts based on chiral phosphorus containing ligands. Further work to generalize this concept and to determine the actual nature of the formed catalyst is under way. 
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